DSCs containing simple copper(I) dyes with peripheral halo (X) ligands give global efficiencies >3% for X = I; a new strategy for stepwise surface dye assembly is demonstrated. 
Introduction
Pioneering studies by Sauvage and co-workers in the 1990s established the potential use of copper(I) complexes in dyesensitized solar cells (DSCs). 1 Nonetheless, ruthenium(II)-containing photosensitizers remain the mainstay of conventional Grätzel-type DSCs. 2 For sustainable future technologies, it is necessary to develop a materials chemistry in which scarce elements are replaced by more abundant ones. We and others are currently addressing this by focusing attention on the application of copper(I)-containing sensitizers in DSCs. 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 While the photophysical properties of [Cu(N^N) 2 ] + (N^N = diimine ligand) are similar to those of ruthenium(II) complexes, 15, 16 the greater global abundance and lower cost of copper compared to ruthenium make coppercontaining dyes relevant and topical. A ground-breaking photoconversion efficiency for a DSC of 4.66% has recently been reported by Odobel, Boujtita and coworkers using a heteroleptic copper(I) dye containing the sterically demanding 6,6'-dimesityl-2,2'-bipyridine-4,4'-dicarboxylic acid anchoring ligand and a 2,2'-bipyridine ancillary ligand with holetransporting triphenylamino units; the high efficiency of the DSC was achieved in part by using the co-adsorbant chenodeoxycholic acid (cheno). 17 In contrast to the HETPHEN approach used by the Odobel group, 17 we have developed a stepwise method of assembling copper(I) dyes in n-type DSCs commencing with the absorption of an anchoring ligand, L anchor , onto the n-type semiconductor surface. indeed, isolation is not usually possible because of rapid equilibration between homo-and heteroleptic cations in solution to give a statistical mixture of species. In an earlier investigation, surface-bound [Cu(L anchor )(L ancillary )] + species were characterized by MALDI-TOF mass spectrometry and diffuse reflectance electronic absorption spectroscopy. 18 The favoured anchoring ligand is the bis(phosphonic acid) 1 (Scheme 1), with the spacer between the 2,2'-bipyridine and phosphonic acid anchoring domains leading to enhanced performance of the dye. 6 Our dye assembly strategy is advantageous in that it permits rapid screening of different families of ancillary ligands, and has recently been implemented by the Robertson group. 9 However a disadvantage is the wastage of one equivalent of ancillary ligand, and this is particularly unsatisfactory when synthesis of the latter is a labour intensive multistep procedure. Recently, we demonstrated that masked DSCs containing the dye [Cu(1)(L ancillary )] + in which L ancillary is 4,4'-bis(4-bromophenyl)-6,6'-dimethyl-2,2'-bipyridine reached power conversion efficiencies of 2.31%, compared to 8.30% for standard dye N719. 6 Since ancillary ligands in n-type dyes typically incorporate electron-donating domains, we were somewhat surprised that dyes containing peripheral bromophenyl substituents (selected to provide an active site for further derivatization) performed relatively well. 6 We were, therefore, prompted to study the effects of altering the halosubstituent and now report the remarkably high power conversion efficiencies of DSCs incorporating the series of ancillary ligands 2-5 (Scheme 1). We also illustrate that complete conversion of [Cu(NCMe) 4 ] + to [Cu(L ancillary ) 2 ] + is not an essential step prior to ligand exchange on the functionalized TiO 2 surface, and introduce a stepwise strategy for in situ assembly of the surface-anchored copper(I) dye.
Experimental

General
A Bruker Avance III-500 NMR spectrometer was used to record 1 H and 13 C NMR spectra, and chemical shifts were referenced to residual solvent peaks with respect to ∂(TMS) = 0 ppm. Solution absorption spectra were recorded with a Cary 5000 spectrophotometer and FT-IR spectra of solid samples on a Perkin Elmer UATR Two spectrometer. Electrospray ionization (ESI) mass spectra were recorded on a Bruker esquire 3000 plus instruments.
Electrochemical measurements were made using a CH Instruments 900B potentiostat with glassy carbon, platinum wire and silver wire as the working, counter, and reference electrodes, respectively. Substrates were dissolved in HPLC grade CH 2 . Ground state density functional theory (DFT) calculations were performed using Spartan 14 (v. 1.1.3) at the B3LYP level with a 6-31G* basis set in vacuum. Initial energy optimization was carried out at a semi-empirical (PM3) level The external quantum efficiency (EQE) measurements were made using a Spe-Quest quantum efficiency instrument from Rera Systems (Netherlands) equipped with a 100 W halogen lamp (QTH) and a lambda 300 grating monochromator (Lot Oriel). The monochromatic light was modulated to 3Hz using a chopper wheel (ThorLabs). The cell response was amplified with a large dynamic range IV converter (CVI Melles Griot) and then measured with a SR830 DSP Lock-In amplifier (Stanford Research).
Ligands 1 replacing 1-(2-oxopropyl)pyridin-1-ium bromide by the corresponding chloride salt. 1-(2-Oxopropyl)pyridin-1-ium chloride was purchased from Fluka.
(1E,5E)-1,6-Bis(4-fluorophenyl)hexa-1,5-diene-3,4-dione A solution of butane-2,3-dione (1.98 mL, 22.7 mmol) in MeOH (10 mL) was added dropwise over a 30 min. period to a vigorously stirred solution of 4-fluorobenzaldehyde (5.00 mL, 45.4 mmol) and piperidine (0.49 mL, 4.54 mmol) in MeOH (30 mL). MeOH (10 mL) was added through the dropping funnel and the reaction mixture was stirred at room temperature for 1 h and then heated at reflux overnight. The solution was slowly cooled to room temperature over 1 h with stirring and was placed in the fridge for a few minutes. The precipitate that formed was collected by filtration, washed with Et 2 O and dried in air. (1E,5E)-1,6-bis(4-fluorophenyl)hexa-1,5-diene-3,4-dione was isolated as an orange solid (0.425 g, 1.42 mmol, 6.27%). Spectroscopic data were consistent with those reported.
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(1E,5E)-1,6-Bis(4-iodophenyl)hexa-1,5-diene-3,4-dione The method was as for (1E,5E)-1,6-bis(4-fluorophenyl)hexa-1,5-diene-3,4-dione, starting with 2,3-butanedione (0.57 mL, 6.46 mmol) in MeOH (8 mL) and a solution of 4-iodobenzaldehyde (3.00 g, 12.9 mmol) and piperidine (0.13 mL, 1.29 mmol) in MeOH (25 mL 
Crystallography
Single crystal data were collected on a Bruker APEX-II diffractometer with data reduction, solution and refinement using the programs APEX 22 and CRYSTALS. 23 The ORTEPtype diagram and structure analysis used Mercury v. 3.0. 
DSC fabrication and measurements
DSCs were prepared modifying the method of Grätzel. 26, 27 Commercial Solaronix Test Cell Titania Electrodes were used. ) and 1-butyl-3-methylimidazolinium iodide (0.6 mol dm -3 ) in 3-methoxypropionitrile; it was introduced into the DSC by vacuum backfilling. The hole on the counter electrode was sealed using hot-melt sealing foil (Solaronix Test Cell Sealings) and a cover glass (Solaronix Test Cell Caps). Measurements were made by irradiating from behind using a light source SolarSim 150 (100 mW cm -2 = 1 sun). The power of the simulated light was calibrated by using a reference Si cell.
We Fig. 1 , the intense high energy bands arising from π*←π and π*←n transitions. The highest energy absorption shifts from 248 nm in 2 to 260 nm in 5. ).
Synthesis and characterization of copper(I) complexes
We have described the complex [Cu (4) were also broad (Fig. 2c) . Cooling the sample to 240 K led to collapse of the broad peaks and appearance of two sets of signals (Fig. 3) The phenyl ring containing C12 is twisted through 15.5 o with respect to the plane of the pyridine ring with N1, while the corresponding angle for the rings containing C18 and N2 is 38.7 o . The difference in twist angles is associated with the packing of the cations. Face-to-face π-stacking occurs between phenylbpy domains involving the phenyl ring containing atom C12 and this leads to infinite columns of cations running parallel to the c-axis (Fig. 5a) . The stacks are built up by alternating operations of a 2-fold axis followed by an inversion centre. The asymmetric unit contains two halfanions; each [PF 6 ] -is ordered, and atoms P1 and P2 are each located on a 2-fold axis. Cation...anion interactions involve extensive CH...F contacts. For the anion containing P1 (green in Fig. 5b ), these contacts involve arene CH units; in addition this anion exhibits a short F...I contact (F3...I2 i = 3.406(1) Å,
In contrast, the anion containing P2 (red in Fig. 5b ) sits between the π-stacked cations and interacts with methyl groups of both coordinated ligands 5 and MeCN. 
Solution absorption spectra and electrochemistry
Absorption spectroscopic and electrochemical data were recorded only for [Cu (2) 6 ]. 6 Approximate doubling of the extinction coefficients on going from the free ligands ( Fig. 1) to the complexes is consistent with the formation of the homoleptic species. The intense, high-energy bands are similar for all the complexes, and a small red-shift is observed for the MLCT band from 483 nm for the fluorocontaining complex to 488 nm 6 for the bromo-derivative. The mixture of [Cu (5) 6 ] has an MLCT maximum at 488 nm. The electrochemical behaviour of [Cu (2) 
Comparison of the performances of the copper(I) dyes in DSCs
Surface-immobilized copper(I) dyes were assembled on commercial titania electrodes by initial adsorption of the phosphonic acid anchoring ligand 1 followed by treatment with CH Table 2 and are compared to data for a DSC with standard dye N719. The right-hand column in Table 2 gives the energy conversion efficiencies, η, relative to N719 arbitrarily set to 100%. We have recently adopted this presentation of results to provide a valid means of comparing data recorded using different solar simulators. 34 For each DSC, the efficiencies were measured on the day of sealing the cell and then three and seven days later.
Scheme 3. Assembly of heteroleptic copper(I) dyes using anchoring ligand 1.
The first point to note is that the DSC parameters for the dye [Cu(1)(4)] + (bromo-substituents) are comparable with those we have previously reported, 6 despite differences in electrode origins. In the present work, the photoanodes are commercially available titania electrodes which include a scattering layer; in our previous study, screen-printed electrodes with scattering layer were prepared in our laboratory. A second important point is that the data in Table 2 for corresponding pairs of DSCs confirm reproducibility of measurements.
On the day of cell fabrication, all four dyes (Table 2 ) perform relatively well with the global efficiencies, η, dependent upon the halo-substituent in the order I > F ≈ Br > Cl. Upon aging of the DSCs, there is a general trend for improvement of performance (Table 2) . Over a three day period, the DSCs containing the iodo-substituted dye [Cu(1)(5)] + show a ripening effect with η increasing from 2.88 to 3.01%, and 2.89 to 3.04% for the two independent DSCs. After a further four days, the efficiencies increase to 3.16 and 3.07%, respectively. This enhancement is likely associated with initial dye aggregation on the surface followed by molecular reorganization over time. 35, 36, 37 In terms of η, best 2 or 41.4% with respect to N719 set at 100%. For the aged DSCs, the dependence of η on the halo-substituent follows the trend I > Cl ≈ F ≈ Br. 6 All J-V curves show good fill factors. The most significant features in Fig. 8 are the enhancements in both short-circuit current density and open-circuit voltage over time for the chloro-and iodo-containing dyes ( Fig. 8b and 8c ). For [Cu(1)(5)] + (iodo), a maximum value of V OC = 604 mV is achieved after 3 days with no further improvement over the next 4 days (Fig. 8c) ; 604 mV compares with V OC (max) = 664 mV for N719 measured under the same conditions are the copper(I) dyes (Table 2) . Enhancement in the open-circuit voltage with aging of the DSC has also been noted for other copper(I) dyes. The EQE spectra of the DSCs were measured over a period of a week following cell fabrication. All show EQE maxima corresponding to λ max in the range 460-480 nm ( Table 3) . The values of EQE max for the copper(I) dyes compare to EQE max ≈ 75% for N719 (Fig. 9) (Table 2 and Fig. 8 ). The differences in the EQE spectra in Fig. 10 also correspond to the dependence of η on the halo-substituent (I > Cl ≈ F ≈ Br) for the aged cells described earlier in this section. on the day of sealing the cell (day 0) and 3 and 7 days later, compared to the EQE spectrum of a DSC with N719. 
In situ dye assembly
Because the assembly of the best-performing dye [Cu(1)(5)] + was carried out using a mixture of [Cu (5) The performances of the duplicate DSCs are similar and exhibit efficiencies of 2.80 or 2.71% after 7 days. One cell shows an enhanced performance over the 7 days after sealing the DSCs (Table 4 ) and both cells exhibit improved V OC but little change in J SC (Fig. 11) . The EQE spectra for the two DSCs show maxima at 46.0 and 46.1% (λ max = 470 nm) on the day of cell fabrication and these values vary little over a 7 day period (Fig. 12) Tables 2 and 4) are not significant and imply that isolation of the homoleptic copper(I) complex is not an essential part of the cell-assembly process. 
HOMO and LUMO characteristics
We have used ground state DFT calculations to gain some insight into the origin of the surprisingly good performance of dyes containing iodo-substituted ligand 5. We have previously shown that the choice of atomic orbital basis set (6-311++G** basis set on all atoms, 6-311++G** on copper and 6-31G* basis set on C, H and N, or 6-31G* basis set on all atoms) has a strong influence on the calculated absorption spectra of representative bis(diimine) copper(I) dyes, while the orbital characteristics of HOMOs and LUMOs are essentially unaffected. 39 + showed that the energies and characteristics of the LUMO and LUMO+1 of the four complexes are similar. The LUMO is centred on the anchoring ligand while the LUMO+1 is principally localized on the bpy domain of the ancillary ligand. These MOS are shown for the iodo-complex in Fig. 13a and 13b. The close similarity in the orbital characteristics for the four dyes suggests that the enhanced performance of [Cu(1)(5)] + is not associated with a tuning of the properties of the lowest lying vacant MOs leading to improved electron injection. The DFT calculations indicate that the HOMO of each groundstate dye is mainly based on copper, as are the next two highest occupied MOs. Ancillary ligand character is present in HOMO-3 and HOMO-4 in [Cu(1)(5)] + , with a dominant contribution from the iodophenyl substituent (Fig. 13c) . Significantly, the corresponding contributions by ligands 2, 3 or 4 to these MOs is smaller. This leads us to suggest that the better dye performance of [Cu(1)(5)] + may be associated with improved hole transfer over the halogen of the aryl substituent to the reduced electrolyte.
Conclusions
The synthesis and characterization of [Cu (2) 
